states that a flux of 3 Tg S yr -• may be a realistic estimate. The low H2S concentrations observed in marine air, and the discovery of the importance of DMS in the sea-to-air transfer of biogenic sulfur, has shifted emphasis from H2S to DMS as a major contributor to the global sulfur cycle [Andreae, 1986] . The global flux of this compound has been estimated to be 35 Tg S yr -1 [Andreae, 1990] .
More recent measurements of H2S in the remote marine atmosphere show even lower values than the earlier studies. An average of 8.5 ppt was measured in air originating over the central Atlantic during a transect of the eastern Caribbean [Saltzman and Cooper, 1988] . In attempts to directly measure the sea-to-air flux of H2S using a Teflon-lined floating chamber in the Bahamas, no emissions were detected. This corresponds to an upper flux limit of 0.3 mg S m -2 yr -• which, if extrapolated to the global ocean area, corresponds to an upper limit of 1 Tg S(H2S) yr -• for the marine source of H2S [Saltzman and Cooper, 1988] .
At present the role of the ocean as a source or sink for atmospheric H2S remains controversial. However, the development of improved techniques for measuring H2S in air [Cooper and Saltzman, 1987] and water [Cutter and Oatts, 1987] have now made possible the acquisition of more reliable data. In this paper we present the first simultaneous measurements of H2S in air and seawater. These data provide us with the information necessary to calculate the direction and magnitude of the air/sea flux for H2S. In addition, using measurements of atmospheric radon and carbonyl sulfide in the surface waters, w0 ex•amine tile sources of H2S in the atmosphere and the surface ocean. Therefore the Go-Flos were thoroughly cleaned (Micro detergent wash, 1 day soak in 0.5-M HCL, followed by deionized water) and then checked for COS and H2S contamination. This involved filling the bottles with deionized water and analyzing aliquots of this water after 2, 4, and 24 hours for H2S and COS (as described below). In addition, at some of the first stations, duplicate sampling bottles were filled with seawater and the COS and H2S concentrations in each bottle compared. Several Go-Flo bottles, especially older bottles which had been repaired using polyvinyl chloride cement, were found to be highly contaminating and contributed up to 2 nmol L -1 of COS or H2S (i.e., a factor of 10 higher than typical surface water concentrations). Only Go-Flos which showed no contamination based on these procedures were used to obtain seawater samples. In order to avoid contamination from the atmosphere after the sampling bottles came on deck, the Go-Flos were pressurized with 0.07 atm nitrogen, and the unfiltered water sample was pushed through polyethylene tubing into a transfer container (4 L polyethylene bottle with tubulation). When full, the container was brought into the ship's laboratory for the determination of hydrogen sulfide and carbonyl sulfide. Carbonyl sulfide was determined by hermetically transferring 300 mL of sample into a glass stripping vessel. COS was then stripped from solution with helium and cryogenically trapped using a glass U-tube filled with silanized glass wool and immersed in liquid nitrogen. The liquid nitrogen trap was connected to a six-way valve (Valco) which interfaced the stripping system (ambient pressure) with a gas chromatograph (pressure of 2.7 atm). After 20 min of strip/trap time the trap was removed from the liquid nitrogen, and the COS was revolatilized and swept into a gas chromatograph (Hewlett Packard Model 5890) equipped with a 1.2-m Porapak QS column (acetone washed, de Souza et al. [ 1975] ) and a flame photometric detector. The system was calibrated using a permeation device (VICI Metronics); the detection limit was 20 pmol L -• as COS, and precision (as relative standard deviation (RSD)) was 10%.
The concentration of total sulfide was determined using the method of Cutter and Oatts [1987] . Briefly, sulfide was reacted with zinc acetate to produce zinc sulfide, which was then immediately filtered (0.4 /am) under a nitrogen atmosphere. The filter was placed in a glass stripping vessel along with deionized water. Upon acidification, H2S was liberated and quantified using the gas chromatographic procedure described below. The detection limit for the zinc sulfide procedure was 5.5 pmol S L -j, and the precision was 10%.
Total sulfide was also determined on board ship using a method similar to that described by Cutter and Krahforst [1988] . For this method, 300 mL seawater from the transfer container was placed in a helium-purged, stripping vessel equivalent to that used for COS. The sample was acidified with HC1 to pH 3, and the evolved H2S cryogenically trapped. sampled had some continental influence. In summary, radon and H2S covaried with few exceptions during the cruise, and elevated H2S concentrations were never observed when radon was at low, marine levels. This suggests that H2S over the North Atlantic Ocean, even quite far from land, is primarily of continental origin.
To further strengthen our argument we have calculated isobaric back trajectories on the basis of the winds interpolated from the pressure gradient pattern on the surface maps from the Deutscher Wetterdienst in Oftenbach, Germany. The ship's position every 24 hours at 1500 UT was used as the starting point for each trajectory. The air mass was followed backward in time at 6 hourly intervals for a total time of 72 hours, and its track was plotted on a chart (Figures  3a and 3b) . From the beginning of the cruise until station 8 (Figures 1 and 2) , radon and H2S levels were relatively high, with radon ranging from 62 to 32 pCi m -3 and H2S ranging from 24 to 15 ppt (Figure 3a) . The back trajectories show that in all cases the air mass sampled had been over the eastern United States within the previous 3 days. There was a distinct change in air mass as we left station 8 and began the transect toward Bermuda. Radon and H2S levels dropped to close to remote marine levels. Throughout the transect to Bermuda and continuing along with the cruise track back toward Norfolk, we remained in air masses which were clearly marine. The back trajectories, shown in Figure  3b , show that the air masses sampled had been over the ocean for at least 3 days previous to sampling; radon values were low, ranging from 12 to 8 pCi m -3 and H2S, also low, from 11 to 5 ppt. Trajectory M (Figure 3a) pertains to the last day before returning to port. It shows that the air mass had been over coastal regions up to approximately 24 hours before our samples were taken. Correspondingly, radon and H2S values were high (32 pCi m -3 and 85 ppt, respectively). In order to calculate H2S fluxes across the air-sea interface, the concentrations of undissociated H2S in surface waters must be calculated using thermodynamic constants and measured concentrations of total sulfide and "free"
sulfide. H2S has two dissociation constants, pK 1 and pK 2. In our calculations, instead of the ideal constant p K1, we use the conditional dissociation constant p Ki* which is adjusted for the in situ salinity and temperature. Here p Ki* was calculated according to the equation pKl* = pK 1 + AS 1/2 + BS, We then obtain the gas phase concentration in equilibrium with the concentration of dissolved H2S, using the above calculated (H2S)liq and Henry's law constant: (H2S)gas = (H2S)liq/H-
The H2S equilibrium gas phase values thus calculated and converted to parts per trillion can be compared with the measured atmospheric H2S values (Figure 4a) . In all but two cases the equilibrium gas phase values are lower than the atmospheric values, indicating that H2S in the surface seawater is undersaturated with respect to the atmosphere.
3.2.2. H2S flux. To calculate the H2S flux for the samples taken during the cruise period, we have followed the approach of Balls and Liss [1983] , where the transfer of a gas across the gas-liquid interface (the flux F) is proportional to the difference in concentration of the gas between the two phases (AC). 
where AS = (H2S)water-(H2S)air.
The concentration of H2S in air was directly measured, as described in the methods section, and the concentration of undissociated H2S in water was calculated as described in section 3.2.1. K1 was calculated as follows' To calculate A we need to know r, D, k*, and k 1 . The average value of r for our data set is 1.034. D, the coefficient of molecular diffusion of H2S in seawater, is equal to 1.56 x 10 -3 cm 2 s -1 [Broecker and Peng, 1974] , and k*, the hydration rate constant for H2S, is equal to 4.3 x 103 s -1 [Eigen et al. 1964] .
After making the substitutions we arrive at a value for a, for the parameters of this data set, of 18.6 (dimensionless). Using this value and going back to (8), we calculate the overall transfer velocity K1 equal to 285 cm h -1 .
We now make the flux calculations using ( suggested by Andreae [1990] . We conclude that even over remote ocean areas, H2S is not likely to make a significant contribution to the atmospheric sulfur cycle.
